FhaA is a forkhead-associated domain-containing protein, the depletion of which leads to accumulation of peptidoglycan (PG) precursors at the septum and poles in Mycobacterium smegmatis (M. smegmatis), by a mechanism undefined thus far. To elucidate its function, we constructed an fhaA (MSMEG 0035) knockout ( fhaA) strain in M. smegmatis and demonstrated that this gene is dispensable for in vitro growth. The mutant showed a short cell length phenotype due to a probable defect in cell elongation/cell wall synthesis, which was reversed by complementation with both M. smegmatis and Mycobacterium tuberculosis (M. tb) fhaA (Rv0020c), confirming their association with the observed phenotype. The identification of penicillin binding protein A (PbpA), a PG biosynthesis enzyme as an interacting partner for mycobacterial FhaA, provided a hint into the functioning of FhaA. A drastic reduction in the levels of ectopically expressed PbpA in the fhaA mutant vs wild-type M. smegmatis suggested that FhaA interacts with and stabilises PbpA. In addition, the fhaA deletion mutant was sensitive to multiple classes of antibiotics pointing to a general permeability defect. Our findings uncover a role for FhaA in PG biosynthesis and suggest its involvement in the maintenance of mycobacterial cell envelope integrity.
INTRODUCTION
As in other eubacteria, mycobacterial cell division is tightly regulated through membrane receptors as well as cytoplasmic sensors that transcriptionally and post-translationally regulate cell division-associated proteins in response to the environment (Kieser and Rubin 2014) . One of these regulatory systems involves phosphorylation of a few cell division proteins through serine/threonine protein kinases (STPKs) (Molle and Kremer 2010) . PknA and PknB, 2 of the 11 STPKs encoded by Mycobacterium tuberculosis (M. tb), are part of an operon that includes the cell division genes rodA (Rv0017c, predicted to be involved in septum-peptidoglycan (PG) biosynthesis (http://tuberculist.epfl.ch/) and maintaining cell shape (Henriques et al. 1998) and pbpA (Rv0016c, predicted to be involved in PG biosynthesis (Fedarovich, Nicholas and Davies 2010) , (http://tuberculist.epfl.ch/), indicating a probable association of these kinases with cell division. The synteny of this operon is conserved across the mycobacterial genus indicating a conserved functional relationship between these genes (Narayan et al. 2007) . Consistent with this observation, PknA and PknB were found to be essential, and involved in regulating cell shape (Sassetti, Boyd and Rubin 2003; Kang et al. 2005) . Their substrates include the cell division-associated proteins FtsZ, Wag31, MurD, GlmU and PonA1 (Thakur and Chakraborti 2006; Thakur and Chakraborti 2008; Parikh et al. 2009; Jani et al. 2010; Kieser et al. 2015) . Phosphorylation of these substrates has been demonstrated to directly regulate their function or their localisation (Thakur and Chakraborti 2006; Parikh et al. 2009; Jani et al. 2010; Kieser et al. 2015) . Adding a layer of complexity to STPK phosphorylation are the six forkhead-associated (FHA) domaincontaining proteins in the M. tb genome which regulate protein function by binding to phosphothreonine residues via their FHA domain. Among these are FhaA and FhaB which are encoded in the rodA/pbpA/pknA (Rv0015c) and pknB (Rv0014c) cluster, indicating their probable functional association with these kinases and cell division (Pallen, Chaudhuri and Khan 2002) . Homologues of FhaA and FhaB are present across mycobacteria (http://tuberculist.epfl.ch/), implying a conserved role for these proteins in mycobacterial physiology. We have earlier reported that a transposon mutant of Mycobacterium smegmatis (M. smegmatis) fhaA (MSMEG 0035) exhibited a small colony phenotype and showed increased susceptibility to oxidative stress, probably due to increased permeability resulting from a compromised cell envelope (Viswanathan et al. 2015) . Additionally, the knockdown of fhaA in M. smegmatis led to the accumulation of PG precursors at the bacillary septum and poles, indicating a probable defect in PG biosynthesis (Gee et al. 2012) . The authors observed that M. smegmatis FhaA interacts with MviN, a putative lipid II precursor flippase, and hypothesised that due to this interaction FhaA regulates the activity of MviN, thereby controlling the accumulation of PG precursors. These observations however are poorly understood at the mechanistic level.
Here, using genetic and biochemical approaches, we demonstrate a functional link between mycobacterial fhaA and PG biosynthesis. Further, the altered susceptibility of a fhaA strain of M. smegmatis to various classes of antibiotics revealed a cell envelope-associated function for this gene. Our observations provide new insights into the role of fhaA in PG biosynthesis as well as establish its functional association with the mycobacterial cell envelope.
MATERIALS AND METHODS

Bacterial strains, media and growth conditions
Mycobacterium smegmatis mc 2 6, M. smegmatis mc 2 155 (Snapper et al. 1990) , Escherichia coli (E. coli) DH5α and E. coli BL21 (DE3) ( Table S1 , Supporting Information) were cultured as described (Tiwari et al. 2012) . Tween 80 (0.05%) was added to mycobacterial cultures to prevent clumping of strains. The following antibiotics were added when necessary-kanamycin (15 μg/mL for M. smegmatis and 50 μg/mL for E. coli) and hygromycin (200 μg/mL for E. coli and 50 μg/mL for M. smegmatis).
Construction of fhaA knockout strain in Mycobacterium smegmatis ( fhaA Ms )
A recombineering strategy was used to construct fhaA Ms (Table S1 ) as described previously (van Kessel and Hatfull 2007) .
Mycobacterial protein fragment complementation assay
To assess the interactions of FhaA Ms -PbpA Ms and FhaA MtbPbpA Mtb at the genetic level, mycobacterial protein fragment complementation (M-PFC) assay was performed as described (Singh et al. 2006) .
Pull-down assays
For biochemical validation of M-PFC results, pull-down assays were performed.
Subcellular localisation
The localisation of C-terminal c-myc fusions of PbpA Ms and FhaA Ms in M. smegmatis strains was determined as described earlier (Cascioferro et al. 2007) . 
RT-PCR analysis
Construction of PbpA-GFP and fluorescence microscopy
To determine the cellular localisation of PbpA Ms in WT M. smegmatis and fhaA Ms , a PbpA-GFP fusion was generated and its localisation pattern was determined using fluorescence microscopy.
Resazurin based microplate assay
For MIC determination, a resazurin-based microplate assay was performed in 96-well plates as described earlier (Taneja and Tyagi 2007; Viswanathan, Yadav and Raghunand 2016) . Two-fold dilutions with following ranges of concentrations were used for the antibiotics: amoxicillin: 256-2 μg ml −1 , ampicillin: 256-2 μg ml −1 , rifampicin: 32-1 μg ml −1 .
Ethidium bromide permeability assay
To check the cell envelope integrity of fhaA Ms in comparison to the WT M. smegmatis and its complements, an ethidium bromide (EtBr) permeability assay was performed as described (Danilchanka, Mailaender and Niederweis 2008 
RESULTS
The fhaA mutant of Mycobacterium smegmatis exhibits short cell length and altered colony morphology phenotypes
To elucidate the function of fhaA, a recombineering strategy was followed to create a knockout strain of M. smegmatis mc 2 6, where fhaA was replaced by a hygromycin resistance gene (Fig. 1a) .
Of the six hygromycin-resistant colonies obtained, one colony was found to carry an fhaA deletion with a hygromycin resistance marker insertion as revealed by PCR screening (Fig. 1b) and further verified by sequencing the cognate PCR product. The genotype of fhaA Ms and the integrity of its genome were further confirmed by Southern blotting, which showed the absence of fhaA and the presence of a single hyg cassette in the deletion strain (Fig. S1 , Supporting Information) , leading us to conclude that fhaA is a non-essential gene in M. smegmatis. It is likely that the low recombination frequency we observed is due to the shorter flanking region (van Kessel and Hatfull 2007) used for the construction of fhaA Ms (Fig. 1a) . Cells of fhaA Ms were found to be shorter in length than the WT strain ( Fig. 1c and d) , and the mutant showed a drastic reduction in the number of cells ranging in length from 3 to 5 μm ( Fig. 1e ) implying a possible cell elongation defect. A mutant with a transposon insertion in fhaA (TR49 [fhaA Ms ::Tn]) that we had isolated previously (Viswanathan et al. 2015) also showed a short cell length phenotype, consistent with this observation (Fig. S2, Supporting Information) . Importantly, complementation of fhaA Ms and TR49 (Viswanathan et al. 2015) with M. smegmatis fhaA and its M. tb homologue reversed their cell length defects (Fig. 1c, d , e and S2), confirming their association with the observed phenotype. Further, colonies of fhaA Ms were smaller and showed a more defined margin in comparison to the WT (Fig. 1f) , similar to what we had observed for TR49 (Viswanathan et al. 2015) suggesting a probable alteration in its cell envelope. Complementation of fhaA Ms with M. smegmatis fhaA and its M. tb homologue was observed to restore the WT colony phenotype (Fig. 1f) . The small colony morphotype of fhaA Ms prompted us to check its growth kinetics, and we observed a moderate reduction in its growth in comparison to the WT and complemented strains (Fig. S3 , Supporting Information), linking this gene with growth-associated processes. These results validated the association of fhaA Ms and its M. tb homologue with mycobacterial cell elongation and provided a pointer to their role in cell envelopeassociated functions.
Mycobacterial FhaA interacts with the class B penicillin binding protein PbpA
To decipher the cell elongation-associated function of FhaA, we tested its interaction with PbpA, a predicted transpeptidase involved in PG cross-linking, encoded in the rodA/pbpA/pknA and pknB cluster. Since co-operonic partners often interact with each other, this seemed a valid approach to identify functional associations among these proteins. Furthermore, PknA and PknB have already been demonstrated to interact with and phosphorylate FhaA in M. tb (Grundner, Gay and Alber 2005) . Both FhaA Ms and FhaA M.tb were observed to interact with PbpA from their cognate species in the M-PFC assay ( Fig. 2a and b) , an indication of their linked functions and a reflection of the synteny between the two clusters in M. smegmatis and M. tb ( Fig. S4a and b, Supporting Information). These observations were corroborated biochemically by pull-down assays using lysates of M. smegmatis expressing 6xHis-tagged PbpA Ms and PbpA M.tb and purified preparations (Fig. S5 , Supporting Information) of the cognate GST-tagged FhaA ( Fig. 2c and d) . As the interaction of FHA domain-containing proteins with their partners is primarily mediated by this domain (Nott et al. 2009; Gee et al. 2012) , we tested its role in mediating FhaA Ms -PbpA Ms interaction. A 133 aa fragment ( Fig. S5 and S6 , Supporting Information) containing the FHA domain (Finn et al. 2014) and an additional N-terminal region homologous to the MviN interacting sequence of FhaA M.tb (Gee et al. 2012 ) interacted with PbpA Ms (Fig. 2e) and was therefore sufficient to mediate FhaA Ms -PbpA Ms interaction. To rule out the possibility of false positives in the pull-down assays, we performed western blot analysis with lysates of WT and recombinant M. smegmatis expressing C-terminal 6xHis-tagged PbpA Ms and PbpA Mtb using anti-His antibody. We found that this antibody specifically recognised C-terminal 6xHis-tagged PbpA Ms and PbpA Mtb and did not cross-react with any other WT M. smegmatis proteins with sizes similar to our proteins of interest (Fig. S7, Supporting Information) establishing the validity of this assay. For this interaction to be physiologically relevant, it is necessary that the two proteins be present in the same cellular compartment and should be expressed at the same time. Subcellular localisation experiments indicated that both FhaA Ms and PbpA Ms localise to the cell wall and cell membrane fractions of M. smegmatis ( Fig. 2f and g ). As described by Tiwari et al. (2012) , Tiwari, Soory and Raghunand (2014) , Tiwari, Ramakrishnan and Raghunand (2015) , we ensured equal loading for each fraction in this experiment (Fig. S8, Supporting Information) . We also observed that fhaA Ms and pbpA Ms are both expressed during early and late logarithmic phases of growth ( Fig. 2h and i) , but could not be detected during the stationary phase (Fig. S9 , Supporting Information). These observations are consistent with the relevance of FhaA-PbpA interaction and the functional importance of the proteins during the active growth phase of M. smegmatis. We attempted to test interaction between FhaA and RodA, a septum-PG biosynthetic protein present in the same cluster ( Fig. S4a  and b ), but were unable to obtain transformants of the recombinant M-PFC plasmids in M. smegmatis possibly due to toxicity resulting from rodA overexpression.
FhaA is required for the stability of PbpA
To understand the functional significance of FhaA-PbpA interaction, we examined the levels of ectopically expressed C-terminally c-myc tagged PbpA Ms in WT M. smegmatis and fhaA Ms . We observed a drastic reduction in PbpA Ms-c-myc levels in the cell wall and cell membrane fractions of fhaA Ms in comparison to the WT strain (Fig. 3a) . Equal loading was ensured for each fraction in this experiment (Fig. S10 , Supporting Information) as described by Tiwari et al. (2012) , Tiwari, Soory and Raghunand (2014) and Tiwari, Ramakrishnan and Raghunand (2015) . The levels of ectopically expressed pbpA Ms mRNA were similar in both the strains (Fig. 3b) , clearly indicating that the reduction in PbpA Ms-c-myc levels was not a consequence of downregulation of pbpA Ms -c-myc transcription in fhaA Ms . These results reveal a role for FhaA in maintaining PbpA stability, likely via their interaction with each other.
PbpA localisation is independent of FhaA in
Mycobacterium smegmatis and its overexpression rescues the short cell length phenotype of a subpopulation of fhaA Ms As the localisation of many cell division proteins is driven by protein-protein interactions (Sureka et al. 2010; Plocinski et al. 2011 Plocinski et al. , 2012 , we compared the localisation pattern of a PbpA Ms -GFP fusion protein in WT M. smegmatis and fhaA Ms . As reported earlier (Plocinski et al. 2011) , PbpA Ms -GFP was found localised to the mid-cell and/or poles (polar localisation-41%, septal localisation-21%, localisation to both the poles and the septum-38%, n = 100 cells) in WT cells (Fig. 4a and c ). An overall similar pattern of localisation was observed in fhaA Ms (polar localisation-45%, septal localisation-14%, localisation to both the poles and the septum-41%, n = 100 cells) (Fig. 4b  and c) . This finding implied that PbpA Ms localises to its probable sites of action independent of FhaA Ms . The observed functional link between fhaA and pbpA prompted us to examine the effect of the varying localisation pattern of PbpA Ms -GFP as well as its overexpression on the cell morphology of fhaA Ms . We found that fhaA Ms : pbpA Ms -gfp with only polar or only septal PbpA Ms -GFP foci showed a significant reduction in the mean cell length in comparison to their WT: pbpA Ms -gfp counterparts (Fig. 4d) . To our surprise, we found no significant difference in the mean cell length between WT: pbpA Ms -gfp and fhaA Ms : pbpA Ms -gfp with PbpA Ms -GFP foci present in both septum and the poles (Fig. 4d) . These observations suggest a role for PbpA in cell elongation and in rescuing the short length phenotype of fhaA Ms specifically in fhaA Ms cells containing both septal and polar PbpA Ms -GFP foci (Fig. 4d) . Additionally, the PbpA Ms -GFP foci were found to be of reduced intensity in fhaA Ms as deduced through image analysis (Fig. 4e) . This observation is consistent with our inference that FhaA Ms is required for the maintenance of PbpA Ms stability.
fhaA Ms is hypersusceptible to different classes of antibiotics and displays increased permeability to EtBr
Changes in colony morphology are often associated with alterations in mycobacterial envelope composition (Recht et al. 2000; Recht and Kolter 2001; Nguyen, Chinnapapagari and Thompson 2005) . This led us to hypothesise that fhaA Ms which displays altered colony morphology could show enhanced permeability and antibiotic susceptibility, by virtue of a compromised cell envelope. To test this hypothesis, we determined the MIC values for WT M. smegmatis, fhaA Ms and its cognate M. smegmatis and M. tb complements against amoxicillin, ampicillin and rifampicin, respectively. As surmised, fhaA Ms showed enhanced sensitivity, as indicated by reduced MIC values, to all the above antibiotics in comparison to the wild strain. Complementation of fhaA Ms with fhaA Ms as well as fhaA Mtb led to a complete or significant restoration of MICs to the WT levels (Fig. 5a ). This result along with our previous observation of increased susceptibility of TR49 [fhaA Ms ::Tn] to oxidative stress causing agents (Viswanathan et al. 2015) indicated a generalised permeability defect in both these mutants. Confirming this, fhaA Ms exhibited increased permeability and accumulation of EtBr in comparison to the WT and complemented strains (Fig. 5b ). These observations demonstrate a role for fhaA in maintaining the cell envelope integrity of mycobacteria.
DISCUSSION
FHA domain-containing proteins mediate STPK-associated signalling processes in prokaryotes and higher eukaryotes, signifying their role across different domains of life (Durocher and Jackson 2002) . The M. tb genome encodes six annotated FHA domain-containing proteins, but their role in regulating STPKassociated functions (Prisic et al. 2010 ) awaits detailed characterisation. FhaA, belonging to this class of proteins, has been shown to be associated with PG biosynthesis in mycobacteria (Gee et al. 2012) . Its interaction with MviN and accumulation of PG precursors at the poles and septum in an fhaA Ms knockdown strain has led to the speculation that FhaA controls the accumulation of PG precursors by regulating MviN activity (Gee et al. 2012) . However, the molecular details of how FhaA regulates PG biosynthesis remain to be elucidated.
To address this issue, we began with a forward genetic approach and constructed an fhaA deletion strain of M. smegmatis. The essentiality of fhaA for in vitro mycobacterial growth has been debated thus far (Lamichhane et al. 2003; Sassetti, Boyd and Rubin 2003; Zhang et al. 2012) , but the successful creation of fhaA Ms in this study implied that this gene is dispensable for in vitro growth at least in M. smegmatis. A high-density transposon mutagenesis study in M. tb revealed that the region in fhaA encoding the FHA domain could not sustain transposon insertions. Only 8 out of the 52 potential transposon insertion sites (TA dinucleotides) of fhaA harboured the transposon and all these were found in or near its domain of unknown function (DUF 3669) (Zhang et al. 2012) . This highlights the requirement of the FHA domain of the protein for the in vitro growth of M. tb. The reasons for the differential essentiality of this gene in M. tb vs M. smegmatis is currently unclear to us and needs further investigation. The cell elongation defect of fhaA Ms was complemented (Gee et al. 2012) . We propose that the decrease in PbpA levels in the absence of FhaA leads to poor crosslinking of PG precursors to the existing PG backbone, resulting in the accumulation of PG precursors at the poles and septum and compromised cell elongation. Our observation that a PbpA-GFP fusion protein localises to the poles and septum in M. smegmatis indicating its potential sites of action validated our proposition. The rescue of the shorter cell length defect of a subpopulation of fhaA Ms by pbpA Ms -gfp upon its overexpression reinforced our hypothesis. As the deletion of fhaA Ms did not affect M. smegmatis survival, we speculate that other PG-synthesising enzymes may compensate for the drastically reduced levels of PbpA in this strain. Additionally, our study indicated that a 133 aa sequence containing the FHA domain was sufficient for FhaA MsPbpA Ms interaction, revealing the possible involvement of phosphorylated threonine residues in this interaction.
Although FhaA appears to stabilise PbpA, the mechanism by which it does so requires definition. In Bacillus subtilis, PrsA a protein possessing peptidyl prolyl cis-trans isomerise activity has been shown to be involved in maintaining the stability of PGsynthesising proteins Pbp2A, Pb2B, Pbp3 and Pbp4 by assisting in their folding as part of a quality control process (Hyyrylainen et al. 2010) . Similarly, FhaA may help in folding of PbpA thereby stabilising this protein, a proposition which needs further investigation. In this context, it is also pertinent that the identity of the proteases involved in PbpA Ms degradation in the absence of FhaA Ms be established.
Our finding that fhaA Ms showed altered colony morphology and increased susceptibility to different classes of antibiotics can be linked to altered cell envelope integrity. Since mycolic acids, the primary components of the mycobacterial outer membrane, are linked to the underlying PG through arabinogalactans (Brennan and Nikaido 1995) , a defect in PG synthesis could conceivably lead to a compromised cell envelope, resulting in increased permeability of fhaA Ms to the drugs tested. The observed increase in the permeability and accumulation of EtBr in fhaA Ms supports this argument.
In conclusion, our study uncovers a novel PbpA-mediated link between FhaA and PG biosynthesis in mycobacteria. This adds a new facet to the PG-associated function of FhaA and could lead to an enhanced understanding of regulation of PG synthesis during mycobacterial cell division.
